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Oliver Braddick
Visual processes in the brain enable
us to make sense of the complex,
ever-changing array of shapes and
colours that arrives at our eyes.
Psychophysics is the research
strategy that seeks to understand
these processes, by testing the
relationship between the 
‘psychic’ — what an observer sees
and reports — and variations in the
physical pattern of light and colour.
For 19th century pioneers such as
Weber, Helmholtz and Mach,
psychophysics provided the only
window on how sensory information
was transmitted and organized in the
nervous system. In the mid-20th
century, however, it became possible
to measure neural responses directly
— as single-cell responses in animals
and, more recently, by functional
imaging of local activation in the
human brain. But these advances do
not make the psychophysical
approach obsolete; rather, they
require psychophysics as a partner.
In looking at the responses of
individual neurons alone, it can be
hard to understand what part they
play in overall visual function.
Psychophysical experiments are
needed to understand how thousands
of neurons act together to register
shape, a coloured area, or a pattern of
movement — or indeed, to integrate
these into a whole image, such as
when we perceive a running, brown
horse. In addition, one of the deepest
questions facing neuroscience is how
neural activity is related to our
experience of seeing; by definition,
this requires the parallel study of
neurophysiology and psychophysics.
Simplifying the visual process
Our visual experience is rich and
multidimensional. If we simply ask
observers to report what they see, it
is hard to discipline the results into
any systematic and reproducible
form that can test hypotheses about
how neural signals carry different
kinds of visual information. So, to
achieve this, psychophysical
experiments usually restrict the
observer’s report to some very
cut-and-dried judgment, such as:
‘Did the pattern of dots appear to
move up or down?’. Such a
‘forced-choice’ judgment, repeated
many times with a selection of
different visual stimuli, is often
analysed and presented in graph
form as a ‘psychometric function’
(see yellow box). 
The aim of forced-choice
experiments is to give an objective
measure of the information from the
visual stimulus that is being
registered by the sensory system,
unaffected by any expectations or
biases that the observer may have. In
particular, two-interval forced-choice
experiments (see pink box) make it
possible to study both simple and
complex visual discriminations in a
standardized, objective way. Rather
than having to describe some aspect
of what they see, observers simply
have to choose between two slightly
different versions of the same visual
stimulus. Any difference that can be
Magazine R209
A psychometric function is a graph plotting
the proportion of an observer’s judgments
in one of two categories (for example,
‘moved up’) against the variation in the
physical stimulus (for example, how far the
pattern of dots was displaced). Large
negative (downward) displacements are
never judged to be ‘up’, and large positive
displacements give 100% ‘up’ judgments.
In between these extremes, judgments are
not perfectly reliable. A particular
displacement of the dots will be judged as
‘up’ on, say, only 65% of occasions. This
gives the characteristic S-shaped form of
the graph (see Fig.1).
The function yields at least two distinct
kinds of information. Its slope reveals the
sensitivity of the neural mechanism
underlying the judgment: a steep function
means that the system can respond to a
small stimulus variation, producing a
reliable change in the judgement. In this
example, sensitivity to small displacements
would reflect the behaviour of motion-
detecting neurons in the human visual
system. Sensitivity is often expressed by
taking a level of observers’ judgments,
such as 75%, and defining the stimulus
needed to produce this level as the
‘threshold’ for discrimination (in this case, a
displacement threshold). But such a
‘threshold’ is, in fact, an arbitrary point on a
continuous function; it does not imply a
level at which the discrimination suddenly
becomes possible. 
A second kind of information is given by
the 50% point, at which ‘up’ and ‘down’
judgments are equally probable. This ‘point
of subjective equality’ (PSE) may
sometimes deviate from the point where
the physical stimulus is exactly balanced
(here, not moving). Such a bias in the
observer’s perceptual system can occur,
for instance, when one set of motion-
sensitive neurons has been adapted by
prolonged exposure to a particular
direction.
Motion is just one stimulus property to
which visual neurons give specific
responses. Psychophysical experiments
can also manipulate colour, orientation, or
spatial frequency (fine detail versus large-
scale form) to explore the properties of
neurons that encode these other aspects
of the visual array.
Psychometric functions
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Psychometric function for discrimination
between two opposed stimuli (in this case,
opposite directions of motion).
detected between the two stimuli —
what experimental psychologists call
a ‘cue’ — is fair game for the
observers in their attempt to make
the required choice. The skill of
experimental design in
psychophysics lies in constructing
pairs of stimuli where the only
systematic difference between them
— the cue — is that which should be
detected by the mechanism the
experimenter wants to study; so,
there is no opportunity for the
observers to ‘cheat’, either
consciously or unconsciously. 
Learning to recognize visual cues
When the experimenter has
successfully constructed a task that
depends on a specific visual cue, the
observers have to recognize that cue
and harness their decisions to it. Any
stimulus must activate many millions
of neurons in the visual areas of the
observer’s brain. All recordings from
neurons show that their responses
are quite ‘noisy’: the signals vary
randomly even on occasions when
exactly the same stimulus is
presented. The observer, somehow,
has to pick up which part of this
torrent of fluctuating signals reflects
the cue that is the focus of the
experiment. It is hardly surprising
that observers have to learn what
they are supposed to be doing.
Psychophysical experimenters
have always begun with blocks of
practice trials, intended to ensure
that observers understand the point
of the task and settle down to a
stable level of performance. But
many recent experiments have
shown that observers can learn to
make a particular discrimination
increasingly well over periods of
many days. This learning can be
extraordinarily specific. For example,
practice that leads to a striking
improvement in finding oriented line
segments in the upper right visual
field may leave unchanged
performance on the same task in
lower right or upper left regions.
‘Practised’ observers must be
learning to couple their judgments to
patterns of activity occurring in some
quite specific group of neurons, early
in the chain of brain areas that
process visual information. In other
words, if the aim of a psychophysical
experiment is to test what organized
pathways are present in the brain, it
may be more realistic to consider it as
testing ‘what organized pathways can
the brain create, given time, to meet
the demands of this experiment?’
Psychophysics is beginning to come
to grips with the flexibility of the
visual system, flexibility that we
exploit when we learn to tell a
painting by Monet from one by
Renoir, or a perfect blackberry from
one that is not quite ripe.
The task for the psychophysical
observer, then, is defined not just by
instruction but by training on the job.
This complicates the interpretation
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Gestalt psychologists long ago described
how visual elements that form a continuing
chain are perceived as a group. But how
can the complex, subjective sense of
grouping be studied as a concrete
phenomenon? After all, people often see
pattern even in random arrangements, like
faces seen in the fire.
To answer this question, David Field
and his colleagues exploited the
psychophysical method of ‘two-interval
forced-choice’. On each trial, or ‘interval’,
two patterns were briefly displayed, one
after the other, 1 second apart. The
observer had to report which of the
patterns contained a ‘path’ of linked
elements (see Fig.2). Observers might
have their individual biases, but in this
experiment they have to choose which of
the two gives a stronger sense of ‘path’. As
the path occurs in each interval equally
often, any bias towards choosing ‘first’ or
‘second’ is unrelated to the visual property
under study. Making 50% correct
judgments is ‘chance’ performance,
indicating that the observer is unable to
detect the path. 
Field and colleagues used such data to
plot psychometric functions of ‘percent
correctly reported grouped elements’
against ‘the angle between neighbouring
elements in the path’, and inferred the
pattern of connections by which angle-
sensitive neurons may activate their
neighbours, to enhance the perception of
the elements as being grouped.
How do we see the whole picture?
Figure 2
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A two-interval forced-choice sequence as used in the experiment of Field and colleagues
on grouping neighbouring elements. In the sequence shown, the correct response would
be that the ‘path’ (an S-shaped path slightly left of centre) is present in the first interval.
of experiments, but it also opens up a
new range of possibilities. Verbal
instructions can be delivered only to
human beings, but many other
species can be trained in certain
behaviours. For example, forced-
choice experiments can be set up in
which pigeons define their thresholds
for light perception by pecking at one
of two illuminated keys; kittens can
show texture discriminations by
jumping onto patterned platforms;
and macaque monkeys reveal by
lever-pulling or eye movements that
they have colour, contrast, and
motion thresholds similar to those of
humans. In each case, the correct
response has to be reinforced by food
or some other reward, but once the
association has been learned, animal
‘observers’ can produce psychometric
functions over hundreds of trials, just
like their human counterparts.
Nerve impulses and perception
The value of ‘animal psychophysics’
is not simply what we can discover
about the perceptual world of species
other than our own. It also provides
the link to directly measured neural
function, for these other species are
ones in which we can probe the
living brain with microelectrodes.
The most exciting possibilities come
about when the activity of single
brain cells is recorded at the same
time as the trained animal makes its
psychophysical judgments.
Psychometric functions show
how what we think we’ve seen
depends on the physical stimulus.
But our sensations depend not only
on effects from the physical world
outside, but also on processes within
ourselves. One example is binocular
rivalry. Normally, the two eyes work
together to integrate two views of
the same scene, but if the two eyes
see completely incompatible views
(for example, stripes at right angles
to each other) they compete in
perception; human observers report
seeing one or other pattern
dominate. The dominant pattern
switches from time to time, but a
blend of the two is never seen.
Nikos Logothetis and his colleagues
have shown that a monkey, trained
to press different levers for two
stripe patterns, alternates the two
with a pattern just like that from a
human observer reporting binocular
rivalry.
Microelectrodes placed in visual
brain areas during this procedure can
locate cells which respond vigorously
when the monkey is ‘reporting’ one
stripe pattern as dominant, but are
silent when the monkey is pressing
the other lever, even though the
physical patterns presented to the
eyes are unchanged (see Fig. 3). In
other words, the pattern of firing of
these neurons corresponds to what
the monkey ‘tells’ the experimenter
it has seen. Intriguingly, some cells
in brain areas V1, V2, V4 and V5
show this variation, whereas others
respond in a way that is apparently
not correlated with the perceived
dominance of the stimuli.
This line of experimentation
suggests that perceptual awareness
reflects the activity of some neurons
more than others, even at the same
level of the visual pathway. Such
experiments, in which the methods
of psychophysics and
neurophysiology work together, offer
the promise of mapping the
presently mysterious links between
brain and perception. 
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Responses of a neuron in brain area V1/V2,
associated with perceived dominance in
perception of a particular orientation of
stripes in binocular rivalry. The results were
recorded by Leopold and Logothetis from a
macaque monkey, while it pressed a key to
report seeing a certain orientation as
dominant. The neuron responded strongly to
stripes at an angle of 45° presented to either
eye (‘preferred orientation’) , and not at all to
stripes at 135° (‘null orientation’). The graphs
show responses when the animal viewed 45°
stripes through one eye and 135° stripes
simultaneously through the other. The graph
on the left shows the low rate of responses
occurring during the 800 ms before, and
500 ms after the key press, indicating that
the animal was seeing the null orientation;
the graph on the right shows the much higher
activity around the time of a key press,
indicating the preferred orientation. In each
graph, the vertical ticks indicate individual
action potentials (each row being a separate
time interval containing a key press); the
curve below is the averaged rate of action
potentials over many intervals. (Reproduced
with permission from Nature.)
